Aim. The aim of our study was to assess the course of immediate post-exercise pulmonary capillary wedge pressure (PCWP) changes to identify the optimal time window for the noninvasive diagnostics of exercise-induced PCWP elevation. Methods and Results. Seventy-one patients at risk of heart failure with normal left ventricular ejection fraction underwent simultaneous exercise echocardiography and right heart catheterization. The ratio of early left ventricular filling velocity (E) to early diastolic mitral annular velocity (e') was used to predict noninvasively exercise-induced PCWP elevation. Fifty-one patients had exercise-induced PCWP elevation ≥ 8 mmHg and reached peak exercise PCWP ≥ 20 mmHg. Rapid post-exercise recovery of PCWP within 2 min was achieved in 18 (35.3%) patients. Intermediate postexercise PCWP recovery at 3 and 4 min was found in 16 (31.4%) patients while late post-exercise PCWP recovery (≥ 5 min) was achieved in 17 (33.3%) patients. Conclusion. The course of post-exercise PCWP recovery is highly variable, and a significant proportion of patients have only a brief period (≤ 2 min) of exercise-induced PCWP elevation. This fact should be taken into account in noninvasive assessment of exercise-induced PCWP.
INTRODUCTION
Pulmonary capillary wedge pressure (PCWP) is commonly used as a surrogate measure for left ventricular filling pressure (LVFP) and represents one of the basic parameters for the diagnostics of heart failure with normal left ventricular ejection fraction 1 (HFNEF). The current European Society of Cardiology (ESC) guidelines for the diagnostics of HFNEF (ref. 1 ) rely on only measures made at rest. However, a significant proportion of patients with unexplained exertional dyspnea or fatigue and normal LV ejection fraction (EF) have been found to manifest elevated LVFP only during exercise 2, 3 . Thus, exercise echocardiography, utilizing mainly the exercise-induced elevation in the ratio of peak early diastolic transmitral flow velocity (E) to peak early diastolic mitral annular velocity (e') has been used to detect noninvasively exercise LVFP elevation 2, 4 . However, it is difficult to obtain good quality echocardiographic images during exercise and at peak exercise. The quality and interpretability of exercise images are limited by tachycardia, by heavy breathing and the impossibility of obtaining images while the breath is held, etc. Thus, the early post-exercise period is usually utilized to obtain the necessary images including Doppler transmitral LV filling flow and pulsed-wave Doppler tissue velocities at the septal and lateral mitral annular corners.
However, in current clinical practice, little emphasis is given to the acquisition of Doppler images immediately after the end of exercise. Instead, the recommendations of the European Association of Echocardiography (EAE) and the American Society of Echocardiography (ASE) support the acquisition of images for E and e' evaluation after post-exercise 2-D images have been obtained for wall motion analysis 5 . We hypothesize that in patients with a rapid PCWP post-exercise recovery, a 1-2 min delay may result in the acquisition of Doppler data at the time of PCWP normalization or close to its normalization. Such Doppler data and the indices derived from them are unlikely to reflect the exercise-induced PCWP elevation. Therefore, the aim of our study was to assess the course of immediate post-exercise PCWP changes to identify the optimal time window for the noninvasive diagnostics of exercise-induced PCWP elevation.
MATERIALS AND METHODS

Patient population
Our study included patients after orthotopic heart transplantation who underwent simultaneous exercise echocardiography and exercise right heart catheterization. The inclusion criteria of this study were: i. sinus rhythm on electrocardiogram; ii. ≥ 6 months after the heart transplantation; iii. no history of myocardial infarction or angina pectoris after the heart transplantation; and iv. an initial transthoracic echocardiography of acceptable quality demonstrating normal LV EF (≥ 50%), no significant pericardial effusion, and no mitral regurgitation other than trivial. All patients who fulfilled the inclusion criteria entered and finished the study protocol. The study was in compliance with the Declaration of Helsinki and was approved by the ethics committee at St. Anne's Hospital. All patients gave their informed consent to the investigations.
Study protocol
The study was performed during a 2-to 3-day hospitalization. On the first day, conventional echocardiography was performed to determine whether the patients met the echocardiographic inclusion criteria. On the following day, resting, exercise, and recovery echocardiography and right heart catheterization with PCWP measurement were performed simultaneously. Resting pre-exercise measurements were initially performed with the patient´s trunk and legs in a horizontal position (supine) and then with the legs slightly elevated in order to prepare for cycling. Subsequently, a graded supine cycle ergometry exercise, limited by the onset of symptoms, was performed starting at 25 W for 2 min. The load was then increased in increments of 25 W at 2-min intervals until the occurrence of the first symptom (dyspnea or fatigue). All exercise tests were performed on an Ergoline ergometer GmbH (ER900L, Bitz, Germany). During the exercise, wall motion and LV filling were monitored in the apical 4-chamber view and the PCWP was monitored continually. PCWP, blood pressure, and heart rate recordings and measures were obtained at rest both in the supine position and with legs elevated, at the end of each 2-min exercise interval, at peak exercise, and at every 1 min of post-exercise recovery. The post-exercise recovery measurements were terminated at the time of PCWP normalization, defined as the achievement of resting leg elevation PCWP value ± 2 mmHg. Complete 2-D and tissue Doppler echocardiography, as well as pulsed-wave Doppler recordings of aortic and transmitral flows, were obtained in patients at rest in the horizontal position and with leg elevation. Moreover, 2-D apical 4-chamber views, pulsed-Doppler recordings of transmitral flow, and tissue Doppler imaging of the septal and lateral mitral annular motion were acquired within 60-90 s after the end of exercise and at the time of post-exercise PCWP normalization.
Right heart catheterization
A 7F Swan-Ganz thermodilution catheter (model 131HF7, Baxter Healthcare Corporation, Irvine, CA, USA) was advanced via the right jugular vein into the pulmonary capillary wedge position. The optimal balloon position was verified by the presence of characteristic wedge pressure waveforms. PCWP was measured with the zero level at the midaxillary line. After obtaining the balloon wedge position, the resting pre-exercise catheterization echocardiography was started with patients in a horizontal position. At the time of transmitral Doppler flow recording, the PCWP, heart rate, and systemic blood pressure measurements were obtained using a multiparametric modul Ultraview SL (TM) 91496 (Spacelabs Healthcare, Issaquah, WA, USA). PCWP was averaged over pressure waveform data obtained during a 12-s interval and expressed as a mean. Measurements of PCWP, heart rate, and blood pressure were repeated at rest 5 min after patient leg elevation and during the exercise at the end of each workload, at the time of termination of exercise (peak exercise), and at the end of each min of the post-exercise recovery period until the PCWP normalization. On the day of catheterization, the morning medication was omitted.
Echocardiography
Echocardiographic examinations were performed using Vivid E9 (GE Healthcare, Wauwatosa, WI, USA) with a M5S transducer. At rest, both in the supine position and with leg elevation, grey-scale 2-D images were recorded from the parasternal short axis views at the base, at the level of papillary muscles, and at the apex, as well as from the apical 2-, 3-, and 4-chamber views. Transmitral flows were recorded using pulsed-wave Doppler echocardiography. Pulsed-wave Doppler tissue imaging (DTI) of mitral annular motion was performed in the apical 4-chamber view. A sample volume of 6.0 mm was placed on septal and lateral mitral annular corners. A narrow angle sector was used to obtain Doppler tissue images at the high frame rates above 150 frames/s. All Doppler recordings were done during shallow respiration or end-expiratory apnea and were digitally stored for the subsequent off-line computer analysis using EchoPAC PC versions 108.1.5-110.1.1 (GE Vingmed Ultrasound A/S, Horten, Norway).
Echocardiographic measurements were performed according to the recommendations of the ASE (ref. 6 ). LV mass was estimated using the Devereux formula 7 . LV and left atrial volumes were calculated with the biplane method of disks 6 using apical 4-and 2-chamber views. E velocity was acquired from conventional pulsed-wave Doppler recordings. To obtain Doppler tissue e' velocity, the values measured at the septal and lateral corners were averaged. All echocardiographic parameters were obtained as a mean of 3-6 consecutive heart cycles. Echocardiographic analyses were performed by one experienced observer (JM), who was unaware of the PCWP values. The reproducibility of the transmitral pulsed Doppler and DTI velocities of this reader have already been published 8, 9 ; variabilities of E and e' velocities were below 5%.
Statistical analysis
The data are presented as means ± standard error of the mean (SEM) or number (%) of subjects. Because the assumption of normal distribution was not remarkably violated (Shapiro-Wilk test), a one-way ANOVA model was applied to compare the individual groups for continuous variables and a standard t-test was used for mutual comparison of Groups A, B, and C. A chi-squared test was applied to compare the groups in categorical variables. Univariate and multivariate logistic regression models were used to analyze the potential association of clinical and echocardiographic parameters with the early postexercise PCWP recovery. For the parameters with potential predictive power (providing at least P<0.1 in univariate logistic regression), various multivariate models were used to explore the independent predictors. The significance of regression coefficients was tested using the Wald statistic. Results with P value < 0.05 were considered statistically significant.
RESULTS
Seventy-one patients who fulfilled the inclusion criteria underwent the complete exercise study protocol. The course of post-exercise PCWP recovery was analyzed in the 51 subjects with a significant (≥ 8 mmHg) exerciseinduced PCWP elevation reaching peak exercise PCWP ≥ 20 mmHg. The patients were divided into 3 groups according to the time interval from peak exercise to the moment of post-exercise PCWP normalization. Group A comprised 18 patients with early post-exercise PCWP recovery (≤ 2 post-exercise min). Group B consisted of 16 subjects with the intermediate post-exercise PCWP recovery (normalization at 3 or 4 min after the end of exercise). Group C included 17 patients with late post-exercise PCWP recovery (≥ 5 min after the end of exercise). The baseline clinical characteristics of the whole cohort of patients and of the individual groups are shown in Table 1 . Table 2 summarizes the hemodynamic and echocardiographic Doppler data related to the noninvasive prediction of PCWP for the whole cohort of patients and separately in Groups A, B, and C. As compared to the remaining groups, patients with early post-exercise PCWP recovery (Group A) had higher resting and exercise heart rates and higher values of exercise systolic blood pressure. Multivariate regression analysis suggested the association of beta blocker administration and resting heart rate with early post-exercise PCWP recovery. Beta blocker administration suggested lower odds of early PCWP recovery (P=0.008, OR=0.07, 95% CI: 0.01-0.50), and a higher resting heart rate suggested higher odds (P=0.002, OR=1.18, 95% CI: 1.06-1.31). However, the clinical meaning of these findings should be confirmed in a larger patient population. At the time of post-exercise PCWP recovery, E/e' and E post-exercise recoveries were achieved in 21 and 15 patients, respectively. Table 3 shows the time to post-exercise PCWP normalization in individual subjects. A significant proportion of patients (18 out of 51; 35.3%) exhibited early post-exercise No, number; PCWP, pulmonary capillary wedge pressure * Recovery was defined as the achievement of pre-exercise PCWP values at rest with leg elevation ± 2 mmHg ** Number (%) of patients achieving PCWP recovery at that time PCWP recovery within 2 min. Table 4 demonstrates the course of exercise and post-exercise PCWP changes in individual groups. The exercise at 50W was accomplished in all but 2 patients. The 16 subjects with an intermediate time to PCWP recovery (3 and 4 min) exhibited a mean PCWP decrease of 5.1 mmHg (35.2% of the exerciseinduced PCWP increase of 14.5 mmHg) and 8.2 mmHg (56.6%), respectively, at 1 and 2 min after the end of exercise.
DISCUSSION
This study provides some new and clinically important facts. It is the first analysis of the time course of post-exercise PCWP recovery in patients after orthotopic heart transplantation with normal LV EF at high risk for HFNEF. It describes high variability in the timing of post-exercise PCWP recovery, ranging from 1 to 7 min. Thirty-five percent of subjects exhibited early post-exercise PCWP normalization within 2 min. More importantly, 13.7% of patients were found to have very early post-exercise PCWP recovery within 1 min. Several reports have demonstrated the need for exercise in the diagnostic work-up of patients with exertional dyspnea of unknown etiology or of patients at risk of only isolated exercise-induced diastolic dysfunction or HFNEF (ref. 2, 3, 10 ). In such patients, the prevalence of isolated exercise-induced HFNEF can be surprisingly high. Borlaug et al. 3 analyzed 55 patients with exertional dyspnea, LV EF > 50%, normal BNP assay, and normal pulmonary artery pressure and PCWP. When the exercise PCWP ≥ 25 mmHg was used as an indicator of HFNEF, 58% patients had isolated only exercise-induced HFNEF. Thus, exercise is necessary to diagnose HFNEF in a significant proportion of patients with unexplained exertional dyspnea or fatigue and normal resting hemodynamics. Doppler echocardiography using the E/e' ratio is standardly used to identify noninvasively the elevation of LVFP under resting conditions 1, [11] [12] [13] [14] [15] . However, the ability of the E/e' ratio to determine exercise-induced LVFP elevation is unclear. While some authors describe the ability of E/e' to predict LVFP elevation during exercise 2, 4 , others did not find any relation between exercise-induced changes in E/e' and PCWP (ref. 10, 16 ). There are several possible reasons for these discrepancies. The cohorts of patients analyzed differed in the main diagnosis and in the presence or absence of myocardial ischemia. However, the differences in the timing of post-exercise Doppler images acquisition may also have played a role.
The clinical application of the E/e' ratio requires recordings of pulsed-wave Doppler transmitral flow and pulsed-wave Doppler tissue mitral annular velocities, optimally at both the septal and lateral corners. The acquisition of these images takes approximately 45-60 s. It is clear that for patients with a rapid post-exercise PCWP recovery, the appropriate image acquisition should start immediately after the end of exercise. However, the EAE/ ASE recommendations for the evaluation of LV diastolic function by echocardiography state that: "In cardiac patients, mitral E velocity increases with exertion and stays increased for a few minutes after the termination of exercise, whereas e' velocity remains reduced at baseline, exercise, and recovery. For this reason, E and e' velocity can be recorded after exercise, after 2-D images have been obtained for wall motion analysis" (ref. 5 ). Using current echocardiographic practices, the time needed to acquire Doppler images for E and e' measurements may vary from 60 to 240 s after the end of exercise. According to our results, a significant proportion of patients who have a marked exercise-induced PCWP elevation have normalized or near-normalized PCWP by that time. The postexercise E and e' values and their ratio in such patients are unlikely to reflect exercise-induced PCWP.
There are currently only limited data on the course of post-exercise PCWP changes and on the timing of postexercise PCWP recovery. The high frequency of early post-exercise PCWP recovery was highlighted by Borlaug et al. 3 in 32 patients with exercise-induced HFNEF. In 1 min after the exercise, PCWP returned to baseline preexercise leg up values. However, this study presented averaged PCWP data of a whole patient population and did not analyze differences in the velocity of PCWP recovery in individual patients. Our data, obtained on a larger sample of patients with a normal LV EF and exerciseinduced PCWP elevation ≥ 8 mmHg correspond largely to Borlaug´s results. We found early post-exercise PCWP recovery within 1 or 2 min in 13.7% or 35.3% of patients, respectively. As demonstrated in Table 4 , even patients with an intermediate post-exercise PCWP recovery time of 3 or 4 min exhibited a marked decrease in PCWP in the early 2-min post-exercise period. Thus, to ensure that post-exercise E and e' are obtained at the time of real exercise-induced PCWP elevation, Doppler images should be acquired optimally within the first post-exercise min.
Study limitations
We studied a selected group of patients after orthotopic heart transplantation in whom morphological, histological, and structural post-transplant changes in the myocardium are likely to affect the severity and course of exercise and immediate post-exercise PCWP changes. The prevalence of patients with rapid, intermediate, and slow post-exercise PCWP recovery may not correspond to that of patients with diastolic dysfunctions of other etiology. This aside the occurrence of a rapid post-exercise PCWP recovery within 2 min is a reality which should be reflected in recommendations for the noninvasive determination of exercise-induced PCWP elevation.
CONCLUSIONS
The course of post-exercise PCWP recovery is highly variable and a significant proportion of patients have only a brief period (≤ 2 min) of exercise-induced PCWP elevation. This fact should be taken into account when assessing exercise PCWP. 
